A Hands-On Activity to Build Mastery of Intermolecular Forces and Its Impacts on Student Learning
By Laura B. Bruck S cience students struggle to unite course content with real-world experiences and, generally speaking, the more abstract the subject matter, the more difficult it is for learners to make this connection (Bodner, 1986; Herron, 1975; Johnstone, 1991 Johnstone, , 1993 . Intermolecular forces, which directly impact the physical properties of all substances, are a challenging subject because they are abstract in nature (Henderleiter, Smart, Anderson, & Elian, 2001; Jaisen, 2008; Wedvick, McManaman, Anderson, & Carroll, 1998) . However, because intermolecular forces have direct applicability to real-world observations and phenomena, mastery of this subject is crucial. Although intermolecular forces are typically associated with chemistry courses, their significance is not limited solely to chemistry, as general biology and molecular biology also use intermolecular forces as a rationale to explain phenomena (Leckband & Israelachvili, 2001) .
Intermolecular forces are used as a means to explain solubility, boiling point, viscosity, surface tension, micelle formation, and nonideal gas behavior in general chemistry, organic chemistry, biochemistry, and physical chemistry. In addition, intermolecular forces are the theoretical basis for distillation, a ubiquitous laboratory technique used in myriad science courses. Although students may understand and observe experimentally that the boiling points of ethanol and 1-hexanol differ, it would be impossible to explain the reason for this difference without the use of intermolecular forces. Additionally, intermolecular forces are an important concept for students of biochemistry, general biology, and molecular biology, as they are a driving factor behind protein secondary and tertiary structures. For instance, in biochemistry and molecular biology, instructors explain hydrogen bonding and hydrophilic/ hydrophobic interactions of amino acid R-groups as a major contributor to protein shape and functionality. Additionally, hydrogen bonding is used to explain the stabilization of the DNA double helix.
Unfortunately, the abstract nature of intermolecular forces is a stumbling block for students (Henderleiter et al., 2001; Jaisen, 2008; Wedvick et al., 1998) , and a lack of mastery of molecular structures can be counted among the reasons for the difficulties students face with intermolecular forces (Cooper, Grove, Underwood, & Klymkowsky, 2010; Cooper, Underwood, Hilley, & Klymkowsky, 2012; Henderleiter et al., 2001; Jaisen, 2008; Wedvick et al., 1998) . Additionally, when van der Waals forces are conceptually introduced and then derived mathematically to explain nonideal gas behavior, learners of chemistry tend to struggle to connect mathematics to physical phenomena (Nakhleh, Lowrey, & Mitchell, 1996; Nakhleh & Mitchell, 1993) .
The literature contains many laboratory experiments, computer simulations, and demonstrations to illustrate intermolecular forces and their effects on physical properties (Bruist, 1998; Casey & Pittman, 2005; Earles, 1995; Hoffman, 1982; Holt, Grabow, & Pursell, 2003; Kimbrough & DeLorenzo, 1998; Montes, Lai, & Sanabria, 2003; Mundell, 2007 Mundell, , 2009 Schultz, 2005; Silverstein, 1998a Silverstein, , 1998b , and others have described bonding and intermolecular forces (Burkholder, Purser, & Cole, 2008; Jaisen, 2008) . However, no assistance or guidance is available to educators regarding how to build and develop students' mental models of intermolecular forces. The activity presented in this article fills this hole by engaging students in building their ideas about intermolecular forces though pedagogically sound methods.
Activity design
Students who struggle to grasp abstract concepts benefit from their use of physical manipulatives and relatable objects to solve problems, as learners at this level are unable to visualize such ideas on their own without assistance (Bloom, 1956) . To address the challenges that students face with regard to intermolecular forces, a hands-on activity was developed to assist learners in identifying and applying intermolecular forces. Although the author has only used the intermolecular forces activity in the context of general chemistry, it could also be used in a variety of other courses, as instructors could easily tailor it to fit their needs.
The intermolecular forces activity contains three sections specifically written to address Bloom's taxonomy (Bloom, 1956 ), Piaget's theory of cognitive development (Piaget, 1952 ), Johnstone's representations of matter (Johnstone, 1993) , and Ausubel's theory of meaningful learning (Ausubel, Novak, & Hanesian, 1968) . A supply list of all suggested materials for use in this activity is provided in Table  1 . Once the instructor introduces the activity and student engagement begins, learners are encouraged to ask questions of each other and/or the instructor as they complete the activity. Use of textbooks, lecture notes, and reference materials is also encouraged. As they progress through the activity, groups complete a handout that also includes postactivity questions; the handout is then submitted for grading and instructor feedback. A sample student handout from a general chemistry course is provided in the supplemental materials (available at http://www.nsta.org/college/ connections.aspx); instructors are encouraged to edit the student handout to meet their particular goals for the activity.
In Part I, five boxes containing magnets of various sizes and strengths are provided, and students select the box that best represents the intermolecular forces present in each substance in a list. The list of molecules is chosen by the instructor; molecules used in general chemistry are provided in the sample student handout in the supplemental materials (available at http://www. nsta.org/college/connections.aspx). Lewis structures for the common substances HCl, water, and ammonia were not provided to require a review of structure drawing (although educators could choose to include them), but Lewis structures created using ChemBioDraw Ultra (PerkinElmer, Waltham, MA) were provided for all other substances. This portion of the intermolecular forces activity could be modified by instructors to focus on specific functional groups or classes of molecules on the basis of the course and activity goals.
In Part I, boxes containing magnets are provided to the students, and a full suggested supply list with retail sources is provided in Table 1 (items could be substituted as needed). Box 1 contains small strip magnets made of magnetic ribbon or magnetic sheets cut into strips that are collec- Note: IMFs = intermolecular forces.
objects, which is in keeping with educational theory (Ausubel et al., 1968; Bloom, 1956; Johnstone, 1993; Piaget, 1952 In Part II, students color electron density maps on blank Lewis structures using the electron density maps in their textbook as samples. Then, students list the intermolecular forces present in each substance underneath its completed electron density map. As with Part I, the molecules of choice are at the instructor's discretion, and molecules used in the author's general chemistry course are offered in the sample student handout. Electron density maps visually link intermolecular forces to the areas where electrons are most heavily populated; this task addresses Bloom's Application level (Bloom, 1956 ) and Piaget's Concrete Operational level (Piaget, 1952) . As with Part I, the substances in this list could be modified to meet instructors' specific educational goals.
In Part III, students experimentally determine the boiling point of three unknown substances. From their data, students rank the liquids in order of increasing intermolecular forces and then rationalize their ranking systems. This task is based on Johnstone's macroscopic representation of matter (Johnstone, 1993) , and it physically demonstrates the real-world effects of intermolecular forces on boiling point. Suggested unknowns are hexane, ethanol, and water, but this section could be tailored to individual course needs and interests. For use in a lecture setting, students could be provided boiling points for a variety of substances and then asked to match the boiling points to the correct substances in a list.
It is advised that instructors allow students to work with a partner and that students complete the intermolecular forces activity after the topic has been presented in lecture, although this activity could also be performed on the first day of instruction to reinforce concepts immediately. The author has used the intermolecular forces activity in both lecture and laboratory settings and believes it is appropriate for either environment. If the activity is com- pleted in a lecture setting and Part III data are provided to the students, it is advised that a minimum of 60 minutes be given to complete the tasks, and at least 2 hours should be allotted if students collect their own Part III data in a laboratory setting.
Supporting data
The intermolecular forces activity positively impacted student learning, as evidenced by pre-and posttests and analysis of exam scores collected in a general chemistry course. To study the effect of the intermolecular forces activity on student learning, one section of General Chemistry I completed the activity during lab (the treatment group), whereas a second section completed a nonintermolecular forces lab (the control group).
Scores from a common first exam were used as a baseline to determine if students from the control and treatment groups were initially comparable to students from the previous year who did not receive the opportunity to engage in the intermolecular forces activity. An analysis of variance revealed that students from the control and treatment groups were comparable to the previous year's class in their initial abilities before taking part in their respective activities (p = .7572; Table 2 ). This established a frame of reference for comparing regular instruction to the effects of the intermolecular forces activity.
On the day of the intermolecular forces activity, both the control and treatment groups took the same preand posttests (Table 3) immediately before and after their respective lab activities. Grading rubrics for the pre-and posttests are provided in Tables 4 and 5 , and scores for the two groups are tabulated in Tables 6  and 7 . Because the pre-and posttests contained a nonintermolecular forces question to make the tests relevant to the control group, both overall scores and the intermolecular forces scores were analyzed at the p ≤ .05 confidence interval. Additionally, gain scores from pre-to posttest were calculated as gain = posttest scorepretest score to view improvement through a second lens.
The two groups were comparable in their initial intermolecular forces abilities, as indicated by overall scores (p = .825) and intermolecular forces scores (p = .990). This was expected, because both groups had received the same instruction on intermolecular forces before completing the activity. On the posttest, the treatment group outperformed the control group on overall score (p = .0469) and on intermolecular forces score (p = .0252), which illustrated that the treatment group made immediate advances in overall abilities related to intermolecular forces. In analysis of gains, the treatment group outperformed the control group both overall from pre-to posttest (p = .0358) and in intermolecular forces gains from pretest to posttest (p = .0114), which further helped support the assertion that students who completed the intermolecular forces activity made immediate advances in their abilities. Acetone has a higher surface tension, meaning slightly "heavier" substances or organisms could lie on the surface than water, the lowest surface tension.
Nonsense 0
Control group Student 9
Each is an observation of the light passing through each substance. Nonsense 0
Control group Student 1
This chart is telling us that acetone can flow the easiest. Then water, ethanol, and glycerol. We know this acetone has the smallest viscosity, followed by water, ethanol, then glycerol.
Read chart 0.5
Control group Student 3
The observations say that glycerol has the highest viscosity, meaning the highest surface tension. Next is ethanol, then water, and then acetone.
Control group Student 5
The intermolecular forces on water is hydrogen bonding [sic] . Acetone has ketone in it. Ethanol has hydrogen bonding, and glycerol has hydrogen bonding. The viscosity is showing the speed of the molecules in each. Glycerol has a higher viscosity because it has extremely high intermolecular forces. It has hydrogen bonding and London dispersion so it will take longer to pour out of a beaker.
One minor error 3.5
Treatment group Student 6
When a substance has strong IMFs like glycerol, C3H8O3, which has H-bonding, the viscosity will be stronger than those with weaker IMFs like acetone, which just has dipole-dipole and London dispersion.
Treatment group Student 5
Glycerol has the highest viscosity due to many hydrogen bonds. Water and ethanol also have high viscosity due to hydrogen bonding. Acetone has the lowest viscosity since it only [has] dipole-dipole forces.
Full credit 4
Treatment group Student 9
Glycerol's viscosity is so high because of 3 points of hydrogen bonding. Ethanol and H 2 O are about the same because they only have 1 spot of H-bonding. Acetone's viscosity is the lowest because it only has dipole forces.
Treatment group Student 11
In these 4 substances the viscosity times show how IMFs can change their resistance to flow. Acetone has the lowest viscosity because it exhibits dipoledipole and London forces. Water and ethanol have hydrogen bonding so they are higher. Glycerol exhibits all three IMFs so it has the highest viscosity rate.
Treatment group average score 3.0
Intermolecular forces questions from the comprehensive final exam were also analyzed to measure the duration of the learning that occurred in the intermolecular forces lab. On the final exam, the two groups were comparable on multiple-choice intermolecular forces questions written at lower levels of Bloom's taxonomy (p = .952). However, on the intermolecular forces free-response question that required higher order thinking, the treatment group dramatically outperformed the control group, and this difference was significant (p = 2.26 x 10 -5 ); a grading rubric for this question is provided in Table 8 , with sample student responses in Table 9 . These data indicated that participation in the intermolecular forces activity produced improvements both immediately and also that persisted for the duration of the semester.
Conclusion
The intermolecular forces conceptbuilding activity presented in this article can be used in a variety of courses including high school AP Chemistry or Biology, general chemistry, organic chemistry, physical chemistry, biochemistry, general biology, and molecular biology. This activity could even be used in physical science, even though intermolecular forces are emphasized less heavily in this course. The intermolecular forces activity is highly editable to allow instructors to focus on particular types of molecules or substances of specific interest. For instance, in a molecular biology course, the activity could be edited to focus students' attention on specific amino acid Rgroups and the interactions that occur between adjacent branches of a protein. In a physical chemistry course, students could model the intermolecular forces of specific gases of interest using the activity and then support their modeling with nonideal gas behavior calculations. In a physical science course, the activity could be pared down to introduce students to the idea of intermolecular forces. Likewise, the activity could also be used in lecture settings when intermolecular forces are first introduced to provide immediate reinforcement of ideas.
The purpose of this article is to offer the intermolecular forces activity into the literature for use by educators at a variety of educational levels and content areas. The intermolecular forces activity can be used in both lecture and laboratory instructional settings, and its ease of editing allows for a variety of applications and content areas. Engaging students in concept-building activities such as those suggested in this article will hopefully increase student success in both applying and identifying intermolecular forces and prepare them for future science experiences and coursework. ■
